To estimate the enthalpy effects of test gas in a direct-connect dual-mode combustor, an experimental study was conducted. Wall pressures were compared under two cases with different types of air heater (combustion heater and electric heater) at various H2 fuel equivalence ratios. Considering flame holding, dual-mode transition and wall pressure value, matching total enthalpy was found to be more effective than matching total temperature in terms of mitigating vitiation effects in the case of a combustion heater. On the other hand, for vitiation flow, matching total temperature is more effective than matching total enthalpy for ignition to duplicate that of clean air flow. Therefore, flow total condition (total temperature or total enthalpy) should be selected according to experimental candidates.
Introduction
The supersonic combustion ram-jet (scramjet) engine is focused on as a future space transportation engine. This engine requires a flight Mach number of at least around 5. Under this flight condition, engine inflow total enthalpy becomes much higher than that of static conditions. Thus, in ground tests, an air heater is necessary to create high enthalpy flow and to simulate flight conditions. Several kinds of air heaters exist (1) , for example, the storage air heater (SAH), the electric air heater (EAH) and the combustion air heater (vitiation air heater, VAH). SAH uses heat exchange with heated pebbles. EAH is able to create high enthalpy air flow continuously. While these apparatuses (SAH and EAH) do not result in major vitiation in heated air flow, they are very large and construction and running costs are high. In contrast, VAH is inexpensive in terms of construction and operation. It can easily increase total temperature near adiabatic flame temperature. Thus, VAH is widely used although the heated air flow contains vitiating matter such as water vapor and radicals. Combustion test results for scramjet engines which used clean air (by EAH or SAH) or vitiated air (by VAH) have been conducted (1) , (2) . For example, combustor wall pressure with VAH was observed to be lower than that with SAH at the same equivalence ratio(φ), and engine un-start (i.e., flow separation interfering with the inlet), more easily occurred with SAH than VAH. Thus, understanding the effects of vitiated gas on test results is important. Total temperature rather than total enthalpy has been focused on as a fitting parameter Table 1 Combustor sizes, normalized with ramp base (H = 6.35 mm) in many previous works dealing with scramjet engine combustion tests. Under clean air conditions, total temperature has the same meaning as total enthalpy as a fitting parameter. However, as mentioned above, the composition of gas heated by VAH changes. The composition change affects bulk flow properties (i.e., specific heat ratio and gas constant). This means that it is impossible to fit both total temperature and total enthalpy to clean condition with VAH in parallel. Total enthalpy is also the main property of heated main flow, and the influence of each of the two properties (total temperature and total enthalpy) on scramjet combustor tests were examined. Combustion test results with VAH and those previously obtained with EAH (3) were compared in this study.
Experimental setup and method
Dual-mode combustion tests were carried out at Mach 2, under two total temperature (T0) conditions (1200 K, 1120 K) with VAH. Total enthalpy of air flow at T0 = 1120 K with VAH (VAH1120K) corresponds to that at T0 = 1200 K with clean air condition (EAH1200K). Here, total temperature and total enthalpy were calculated under the assumption of one-dimensional chemically equilibrium flow. In this calculation, 13 species (H, H 2 , H 2 O, N, NO, NO 2 , N 2 , O, OH, O 2 and Ar) were considered. Their thermal properties are based on the JANAF database.
The dual-mode combustor configuration, which was used in the VAH tests, is shown in Fig. 1 . It consists of three parts, namely, a constant cross-sectional area isolator, a constant cross-sectional area combustor and a diverging area combustor. Ambient-temperature gaseous hydrogen was supplied through an un-swept 10-degree ramp injector at Mach 1.7. In this experiment, the distance from the injector location was normalized by ramp height, H (= 6.35 mm). The coordinate origin lay at the ramp injector base. This configuration was the same as that of the University of Virginia (3) . Detailed dimensions of the combustor are shown in Table 1 . In this study, gaseous hydrogen, gaseous oxygen and air were used for lean combustion in VAH. Table 2 summarizes their mass flow rates. Mole flow rates of heated gas and their errors are also shown in Table 2 . Pitot pressure measurements and gas samplings were conducted to examine VAH test gas homogeneity at the Mach 2 nozzle exit area. Survey points and total enthalpy distribution calculated from the one-dimensional chemical equilibrium flow are shown in Fig. 2 . In the core region of flow within the dashed square in Fig. 2(a) , spatial variation of total enthalpy is approximately within ±10%. Table 2 Injected mass flow rate into VAH, heated gas mole fractions and their errors An H2/O2 torch ignitor (4) was installed for forced ignition at X/H = 2.5. The equivalence ratio and output power of the torch were 1.8 and 29 kW, respectively. The power was calculated under adiabatic conditions. After combustor wall pressure values became steady, the torch ignitor was shut off. Wall pressures distributions were then measured by a mechanical scanner for each value of φ, shown as Table 3 . Table 3 Fuel equivalence ratio φ with VAH 1200 K : 0.00, 0.14, 0.22, 0.24, 0.26, 0.28, 0.40, 0.42 1120 K : 0.14, 0.20, 0.24, 0.28 3.5 ×10 3. Results Figure 3 shows wall pressure distributions of tests in the no-fuel condition with VAH and EAH which were normalized by the free-stream total pressure (P0). These normalized pressure distributions of VAH and EAH tests in the combustor agree with each other. In the diverging region downstream of about X/H = 40, however, the normalized pressure distributions do not match each other. This is because mainstream separation occurred (3) .
Wall pressure normalization
Also, exhaust ducts differing in shape between VAH and EAH seem to have some effect on these distributions.
Mode transition
Normalized wall pressure (P/P0) distributions at VAH1200K, VAH1120K and EAH1200K (3) are shown in Figs. 4, 5 and 6, respectively. In Fig. 6 , the characters 'i' and 'd' following the value of φ mean that the distributions were measured when the fuel flow rate was increased and decreased, respectively. At low φ, each distribution implied supersonic combustion; then combustor states changed to dual-mode with increasing φ. Equivalence ratios of mode transition were estimated by one-dimensional Rayleigh flow. Critical wall pressure values were calculated as follows: was estimated. An additional test was also conducted to confirm the error of φ * . It showed that the error range of φ * was within 0.015. Thus, maximum φ * range for each test was estimated as shown in Table 4 . This indicates that matching total enthalpy (VAH1120K) rather than matching total temperature (VAH1200K) to EAH1200K for mode transition is better.
Ignition and flame holding
Although both ignition and flame holding are complex phenomena and their detailed mechanisms are based on local conditions, here we focus only on bulk properties (i.e., main flow condition and fuel equivalence ratio, φ). In other words, only φ is set as a variable for each flow condition in this study. This is because φ (bulk property) yield injection scale, which defines fuel residence time. The residence time has a major effect on ignition and flame holding. These factors have been examined in detail by NASA research groups (5) , (6) .
Thus, only bulk properties were considered as a first step. A wall pressure sensor was set at X/H = 3.9 to collect time-series data of pressure to check ignition and flame holding. Figures 7(a)-(d) show time-series at various equivalence ratios, in which the flow condition was VAH1200K. Horizontal axes and vertical axes are time [sec] and normalized wall pressure, P/P0, respectively. In Fig. 7(a) , a small pressure increase was observed during operation of the torch ignitor (within 1.8 second). However, after the ignitor was shut off, wall pressure decreased to the level before ignition. In Figs. 7(b) and (c), large pressure increases were observed. This indicates fuel ignition. In Fig.  7(d) , a large pressure increase was observed after the torch was shut off. This indicates flame holding. Table 4 Equivalence ratio at dual-mode transition influence of torch ignition holding Figure 8 shows two time-series of normalized pressure in the VAH1120K condition. This shows that ignition does not occur at φ = 0.14. At φ = 0.20, both ignition and flame holding were confirmed. An additional test was conducted to confirm the validity of φ for both ignition and flame holding. Results showed that the error range of φ for ignition and flame holding were within 0.020 and 0.015, respectively. EAH data did not include wall pressure histories, so ignition and flame holding were judged based on pressure distributions. Figure 9 shows normalized pressure distributions both at φ = 0 (no-fueled) and φ = 0.14 at EAH1200K. Obviously, there was a large pressure increment in the combustor region at φ = 0.14. This indicates that fuel was ignited and that flame was then held.
The above findings indicate the following:
-Ignition was confirmed at φ = 0.14 with both EAH1200K and VAH1200K; however, it was not confirmed with VAH1120K at the same φ. -Flame holding was confirmed at φ = 0.14, 0.24 and 0.20 with EAH1200K, VAH1200K and VAH1120K, respectively. The above indicate that the result of fitting total temperature shows a better match to the clean air test than fitting total enthalpy in view of fuel ignition with VAH. This can be stated in terms of classical ignition problems (5) , (6) , i.e., temperature is more dominant than enthalpy. On the other hand, in view of flame holding, the result of fitting total enthalpy shows a better match with the clean air test than fitting total temperature. This is because pressure is more effective than temperature for reaction times (7) , (8) . Reaction time (t95) is defined as the time it takes the temperature to rise from 5% to 95% of the equilibrium temperature and is given as follows (7) • VAH1200K φ=0.28
where P is burning pressure and Tr is recovery temperature in the combustor. In addition, the rate of pressure increase (dP/P) is a function of the enthalpy increment rate (dq/h0) in the sense of 1D Rayleigh flow. Here, dq and h0 are lower heating value and flow total enthalpy, respectively. This indicates that t95 is controlled by total enthalpy rather than by total temperature. Thus, fitting total enthalpy is more effective than fitting total temperature for flame holding.
Wall pressure comparison at both supersonic and dual modes
Figures 10 and 11 show pressure distributions around φ = 0.24 and 0.28, respectively. At φ = 0.24, the combustor flow of VAH1200K was not thermally choked, while that of VAH1120K was. On the other hand, at φ = 0.28, combustor flow of both VAH1200K and VAH1120K were thermally choked. Note that, because φ = 0.24 and 0.28 with EAH were not tested, the data of φ = 0.22 and 0.26 with EAH are compared with those of φ = 0.24 with VAH. In turn, φ = 0.26 and 0.34 with EAH are compared with φ = 0.28 with VAH. Obviously, the normalized pressure distribution of VAH1120K matches better to EAH1200K than to VAH1200K in a major part of the combustor.
Although there are some factors which lead to differences in pressure value, total enthalpy seems to have the main effect. Total enthalpy of VAH1200K is about 10% higher than that of EAH1200K and VAH1120K. For this reason, the relative incremental enthalpy caused by combustion becomes lower. Hence, the wall pressure distribution of VAH1200K becomes lower than that of EAH1200K.
Concluding Remarks
Results of dual-mode combustion tests using vitiated air and clean air were presented. Two temperature conditions, i.e., total temperature of 1120 K and 1200 K, with vitiation air were tested in comparison with 1200 K clean air. Vitiated flow with a total temperature of 1120 K and 1200 K corresponded to matching total enthalpy and matching total temperature of 1200 K clean air, respectively. Though the difference of total temperature was only 80 K (within 7%) with vitiated air, in view of wall pressures, this experiment yielded the following results:
1) Regarding to H2 fuel equivalence ratio, which lead to mode transition, that of clean air was closer to that of fitting total enthalpy with vitiated air rather than that of fitting total temperature with vitiated air. 2) As for fuel ignition, the total temperature of flow was more dominant than the total enthalpy of flow. On the other hand, with regard to flame holding, total enthalpy of flow was more dominant than total temperature of flow.
3) Wall pressure values under matching total enthalpy conditions with vitiated air were a better match to that with clean air than that under matching total temperature condition with vitiated air. Thus, we conclude that fitting total enthalpy is more effective than fitting total temperature in mitigating the vitiation effects for mode-transition, flame holding and wall pressure value. On the other hand, from the standpoint of ignition, total temperature seemed to be more effective than total enthalpy in this study.
For scramjet engine combustion tests, vitiation heaters have been widely used to create high enthalpy flow simulating flight conditions. In many previous studies, total temperature rather than total enthalpy has been focused on as a fitting parameter between heated flow of clean air and vitiated air. However, this study indicated that fitting parameter (total temperature or total enthalpy) should be selected according to experimental candidates.
